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Motivation

® In recent years, many people have looked at high energy tests of
guantum theory.

® One such test involves entanglement of top quarks at the LHC (Afik, de Nova;
Dong, Goncalves, Kong, Navarro; Fabbrichesi, Floreanini, Panizzo; Aoude, Madge, Maltoni,

Mantani, Severi, Boschi, Sioli; Aguilar-Saavedra, Casas).

® There are lots of other concepts from Quantum Computation /
Information theory that can be explored at the LHC

® T will talk about magic (or non-stabiliserness) - has already become the

subject of a growing literature (white, White; Liu, Low, Yin; Fabbrichesi, Low, Marzola;
CMS PAS TOP-25-001)



A bit of quantum computing

® In quantum computers, classical bits (with values {0,1}) are replaced by
qubits:
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where the complex coefficients satisfy |a]* + || = 1.

® Example: a spin-1/2 particle is a single “qubit”, where the above states are
spin states.

® For multi-qubit systems, a choice of basis states is
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Why use quantum computers?

® Quantum computers are expected to vastly outperform classical
computers.

® Naively, this is due to quantum superposition and entanglement.
® However, this not quite true.
® To see why, we need the concept of a stabiliser state.

® These are states that give a simple spectrum for Pauli string operators:
P,=P®P®...9 Py, P,c{o\”, " s 19}
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The Gottesman-Knill theorem

® Given a state|?¥) , we can consider the Pauli spectrum

spec(|¢)) = (($|P|Y), P € Pnj

(i.e. expectation values of each Pauli string).

® Stabiliser states have 2" values +1 or -1, and the rest zero.

® These states are important because of the Gottesman-Knill theorem:

For every quantum computer containing
stabiliser states only, there is a classical
computer that is just as efficient! <

® Stabiliser states include certain maximally entangled states.

® Something other than entanglement is needed for efficient quantum
computers!



Magic

The “something else” has been called magic in the literature...
...and basically means “non-stabiliserness” of a quantum state.

Different definitions exist. We use Stabilizer Rényi Entropies: (Leone, Oliviero,

Hamma)
1 Pla))24
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Each (integer) g corresponds to a higher moment of the Pauli spectrum.

The magic vanishes for stabiliser states

In what follows, examining g=2 is enough: the Second Stabilizer Réenyi
Entropy (SSRE).

We can now ask: do top quarks provide a nice system for studying magic?



Are top quarks magic?

® Consider top quark pair production at the LHC

"‘:: 0000000000 /

® ...such that the final state is a two-qubit system

® However, the final state is a mixed state (superposition of many different
pure states), where the SM tells us what this is in principle.

® Mixed states can be described in terms of their density matrix:

P = Zpi ‘?p%) <¢z‘ Probability of being

~— - in state I
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Top quark spin density matrix

® On general grounds, the top quark spin density matrix has
decomposition:

e, NAII4—|-Z (BI_I_O'Z@)IQ‘I‘BI IQ@O"L‘I_ZOIO'@@UJ‘)
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® The Fano coefficients {A’, B]

.Ci;} depend on the top quark kinematics...
¢ ...as well as the basis relating spin directions (1,2,3) to physical space.

® A common choice is the helicity basis.



The helicity basis

Helicity basis: choose an axis parallel to
the top quark direction and two transverse
directions (Baumgart, Tweedie).

Each Fano coefficient is then a function of

2
2 = cos 0, B:\/l 47;%.
At LO in the SM, one has:

B;*=B;"=C;,=Cpp =0, Cj,=C}
The SSRE can be corrected for mixed states (Leone, Oliviero, Hamma), and yields
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How does SMEFT change the magic?
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How does SMEFT change the magic?
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®* Some of this can be understood
analytically

®e.g.ingg channelonly Og, Oya
and O,n contribute

® contributions to concurrence
vanishas 0 — 0 atlinear order
® Tops remain in a stabiliser state —
magic does not change

®* More generally: get non-trivial
changes to magic, and could obtain
cancellations once multiple
operators are turned on



Future lepton colliders

® Entanglement in top quark production at future lepton colliders was
previously studied in (Maltoni, Severi, Tentori, Vryonidou)
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: — 6=0 . .
~me ° 10P quark pairs are now produced via
=mz EW processes = different quantum
states are probed, complementary to
LHC measurements

e e e e * Possible to observe non-zero magic

over a wide range of centre of mass
energies (dependent on 6)
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Conclusions

® Magqic is a property of qguantum states that distinguishes computational
advantage over classical computers.

® We have shown that top quark pairs are naturally produced in magic
states at the LHC (confirmed by recent CMS measurement)

® This is a first step in generalising the measurement of qguantum
information concepts at colliders

® Preliminary results show how the magic changes in the presence of BSM
physics - offers a potential new window to BSM physics effects

® Can also obtain complementary measurements of magic in the top pair
system at future lepton colliders
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